Investigation on small planetary bodies with diameter less than 1 km has been getting a lot more attention recently. Rovers are promising way for surface investigation of small planetary bodies. A radio-wave-based method of localization for such rovers has been proposed, which uses twoway range between the rover and a mother spacecraft. However, it assumed that the rover is stationary on the surface during the localization. In this research, the rover is supposed to move during the localization. Rovers on small planetary bodies move by hopping. It hops, repeatedly bounds on rough terrain, may rotate on the surface and become stationary at some time. This paper describes a method to localize the hopping rovers in real-time. In the proposed method, multiple motions for rovers are modeled at the time-update steps in the Kalman filter. Numerical simulations are summarized assuming a rover on a planetary body with the size of asteroid Itokawa, which suppose that the proposed method provides accuracy of meter-order localization.
Introduction
Recently, investigations of small planetary bodies have been receiving increasing attention in a study of the solar system. In the past days, Hayabusa [1] succeeded in a soft landing on the asteroid Itokawa. And now, Hayabusa-2 is planned, which will load a small rover MINERVA-2 [2] . One of the purposes of the MINERVA-2 is to locomote on the surface of the asteroid for investigation. Because of the micro-gravity environment on small planetary bodies, traditional rovers with wheels are useless. The obtained friction is too small to accelerate the rover horizontally. The hopping is adequate locomotion in such tiny gravity environment. For example, the MINERVA rover for asteroid Itokawa was a hopping rover: By rotating a torquer inside the rover, a reaction force against the surface makes it hop [3] . As the asteroid Itokawa has shown, small planetary bodies have diverse terrain. Accurate localization is required for analysis of the survey data from the rover. It is difficult to estimate the hopping motion precisely. Frequent localization is needed. Conventional methods of localization such as celestial navigation, image matching are meaningless on planetary bodies with diameter less than 1km [4] . In the preceding study, real-time localization of a hopping rover on an asteroid surface with divergent stereo visual odometry has been proposed [5] . It enabled cameras without overlapping views to recover motion and structure with absolute scale. And, using this method, a hopping rover obtained an independent estimate of absolute scale factor whenever the ground terrain was observable by two or more cameras. Thereby, it limited the effects of error propagation. However, in the cases that multiple cameras cannot be loaded on account of load limits of a rover and that images cannot be obtained from the cameras on account of troubles, it is difficult to succeed in localizing. The preceding study [4] has proposed the method of localization for a rover on a small planetary body. It is based on measurements of the round-trip propagation delay between the rover and a mother spacecraft. It can estimate a rover's position and the rotation parameters of the small planetary body. It provides localization with accuracy of meter-order [6] . However, it assumed that the rover is static during the localization. Accordingly, it is impossible to apply it to the rover during hopping motion. The purpose of this study is to propose a method of localization for a hopping rover. Hopping motion consists of bounds, motion of constant acceleration, and rolling motion. In this paper, a Kalman filter-based method of localization is proposed. Multiple motion models are used at the time-update step in the Kalman filter, referring to the MP (Markov Process) method [7] . Only two models of the hopping motion are simulated, assuming the rover is stationary on the surface or moves with constant acceleration.
2 Real-time localization based on radio waves
Problem establishment and formulation
Hopping rover's motion includes bounding motion, constant acceleration motion, and rolling motion. After the hopping motion, the rover is stationary on the surface. The models for constant acceleration motion and for the stationary motion are defined as follows. Coordinate system is defined as an inertial system whose origin coincides with the center of gravity and shown in Fig. 1 . Here, z-axis is parallel to the rotation axis of the planetary body. And, xaxis is at right angles to z-axis and accords with longitude of ascending node of the mother spacecraft's orbit. Then, y-axis crosses to both axes and is defined as right-handed coordinate system. Both rover's position and velocity are needed to describe the hopping motion. The state vector of the rover is defined as
where
T is the position and
T is the velocity of the rover at time t i . 
The motion model being static on the small planetary body
The motion of the rover only depends on the rotation of the small planetary body. Assuming that the rotation speed and the rotation axis are constant, we have the equation of rover's motion as follows:
where ∆t i = t i+1 − t i , σ is the direction vector of the rotation axis, and ω is the rotation speed. And R(σ, β) is a rotation matrix, which depends on the rotation axis and the rotation angle, and which explains rotation movement [8] . Then, it is given as
where I denotes the identity matrix and [σ × ] the skewsymmetric matrix of σ.
The model for constant acceleration motion
When a rover has an initial hopping velocity and moves in space, the force acting the rover is only the gravity of the small planetary body. Therefore, the equation of rover's motion is given by
where G denotes the gravitational constant and M the mass of a planetary body. To deform Eq. (4), we have the following equations:ẋ
Consequently, Eqs. (5) and (6) are calculated and rover's motion is given as
Probabilities of motion models and data updating
Referring to the MP method [7] , we can define the estimated state vector generated through a motion model f a at time t i ass i,a , the error covariance matrix asP i,a , the estimated state vector generated through a motion model f b at time t i−1 and a motion model f a at time t i ass i,ab , and the error covariance matrix asP i,ab , where a = 1, 2; b = 1, 2. Then, the state vector and the error covariance matrix modified with EKF are defined as•. Time updating equations of EKF are given as
From the error between an observation and an estimation of round-trip propagation time, we have observation updating equations as follows:
where f a denotes a motion model, h a the observation equation based on s i,a , and R a covariance of the observation noise. A round-trip propagation time and an observation equation are given as
where c denotes the light speed, η i the observation noise whose average is zero, s * the actual state vector, and X i mother spacecraft's position vector. t e,i explains the emission time of a radio wave at time t i , t ref,i the reflection time, and t r,i reception time. These are solutions of the following equations:
To integrate 2 2 state vectors calculated with EKF into 2 state vectors, we have the state vector as follows:
where denotes [P r tr ] ab the probability that a motion model transfers from b to a, β i,a the probability that the state vector based on f a is correct, g i,ab the probability density function which explains error between τ ob,i and τ i,ab . [P r tr ] ab and β 0,a can be chosen arbitrarily. Then, the estimated state vector whose probability is the highest is chosen from estimated state vectors calculated through each multiple motion model. It is defined as Eq. (25). And, the schematic of the proposed method is shown in Fig. 2 . 3 Simulation results and the applicability of the proposed method
Calculating the model for constant acceleration motion
In this paper, Eqs. (5) and (6) are calculated with the Runge-Kutta method. The related equations are given as follows:
Then, rover's motion is given by
(32) Eq. (32) is used in the case where a rover moves around a planetary body.
Summary of numerical simulations
Through numerical simulations on the fictional planetary body referring the asteroid Itokawa, we demonstrated the applicability of the proposed method. We defined the observing interval ∆T as 1 s, the observing time T N as 6 h (2.16 × 10 4 s). The observation noise is given as white Gaussian with covariance of 10 −16 s 2 , which takes into account the performance of the communication devices loaded on a mother spacecraft at the present time.
The parameters for numerical simulations are summarized in Table 1 . The parameters in the MP method, i.e., the initial belief of each motion model and the transition probability, are summarized in Table 3 . To show that the proposed method can localize in the cases where the motion model of the rover does not transfer and where the motion model transfers, we made the numerical simulations in two patterns. One pattern is the rover hops out of the small planetary body, contacts it, and stops without bounding, and the other pattern is the rover hops out of the small planetary body and is moving around it without contacting. The initial state vector and the error covariance matrices are summarized in Table 2 . 
Simulation results with the conventional method
Numerical simulations were conducted applying the conventional method for the rover with hopping motion. The initial values of the estimated state vectorx 0 , the error covariance matrixP x,0 , and the actual state vector x * 0 are given in Table 2 . Fig. 3 shows that the localization error decreases after 10000 sec and it converges about 20000 sec. It is considered that the conventional method works well in localization after 5000 sec when the rover contacts and stops, and the localization error decreases. However, real-time localization with enough accuracy is not realized because the localization error is not meter-order about 20000 sec. In Fig. 5 , the error covariance matrix decreases monotonically after 0 sec and it cannot describe the error between the actual state vector and the estimated one sufficiently. Fig. 4 shows that the localization error does not converge and localization does not work well. It is considered that the conventional method which excludes the motion model that the rover moves around the small planetary body fails in localization. Similarly, in Fig. 6 , the error covariance matrix decreases monotonically after 0 sec and it cannot describe the error between the actual state vector and the estimated one sufficiently. According to these, we can confirm that the conventional method cannot estimate the rover's position with enough accuracy in the case where the rover hops on the small planetary body.
Simulation results with the proposed method
We made numerical simulations with the proposed method.
The initial values are given in Table 2 , and the probabilities that a state vector is correct and that a motion model transfers are given in Table 3 . Figs. 7 and 8 , the localization errors are little after 5000 sec and they are meter-order about 10000 sec. Similarly, in Figs. 9 and 10, the error covariance matrices are little after 5000 sec and they are a square meter-order about 10000 sec. The results clearly show that before 5000 sec, the localization error does not decrease monotonically. It is caused by initial errors of the rover's position and the velocity which increase with time. Figures 11 and 12 show that the probabilities that a state vector is correct transfers significantly about 5000 sec in the case where the rover hops out of the small planetary body and contacts it. β i,2 approaches to 1 before 5000 sec, but β i,1 approaches to 1 after 5000 sec. This shows that the rover contacts the small planetary body and the motion model of the rover transfers. And, it is considered that the probabilities a state vector is correct based on motion models are calculated and the rover's position is estimated with enough accuracy. is correct little transfers at all times in the case where the rover hops out of the small planetary body and is moving around it. And, β i,2 approaches to 1 at all times. Similarly, it is considered that the probabilities a state vector is correct based on motion models are calculated and the rover's position is estimated with enough accuracy.
Conclusion
In this paper, we proposed real-time localization of a rover on a planetary body based on radio waves. The conventional method [4] can provide the rover's position with enough accuracy under the supposition that a rover is static on a planetary body. In this study, the state vector x i was expanded into
T which included the rover's position and the velocity. And, we used not only Eq. (2) but also Eq. (32) as the motion model. Defining the probability that a state vector based on a motion model is correct, we updated and integrated the data. In this way, we could establish localization which included the case a rover hopped out. Through numerical simulations on the fictional planetary body based on the asteroid Itokawa, we demonstrated the applicability of the proposed method. To show that the proposed method can localize in the cases where the motion model of the rover does not transfer and where the motion model transfers, we made the numerical simulations in two patterns. One pattern is the rover hops out of a planetary body, contacts on, and stops without bounding and the other pattern is the rover hops out of a planetary body and is moving around without contacting. In the case where the conventional method was used, the estimation errors could not be reduced sufficiently. In contrast, using the proposed method, we showed that the estimation errors decrease after 5000 sec and its norms are meter-order about 10000 sec in both patterns. These numerical simulations demonstrated that the proposed method localized the rover on the small planetary body whose size was less than 1 km with accuracy of meter-order.
